This paper proposes an efficient spectrum sensing scheme for OFDM signal transmitted by the primary user with its Cyclic Prefix Correlation Coefficient (CPCC) based on multi-antenna. Inspired by the Maximum-minimum Eigenvalue Detection (MMED) algorithm, a CPCC-based MMED spectrum sensing algorithm is proposed. This algorithm uses inherent property of Cyclic Prefix (CP) resulting in nonzero correlation of the received OFDM primary signal. The maximum-to-minimum eigenvalue ratio of the covariance matrix of the received primary signal is used as a test statistic to detect signal existence. Based on the random matrix theory, we obtain the quantification of the detection ratio, threshold and probability. Finally, the performance of the algorithm is studied through computer simulations. A comparison of the proposed CPCC-MMED algorithm with MMED and ED algorithms is also carried out.
Introduction
With the recent rapid growth in wireless communication systems, the problem of spectrum utilization has become more critical than ever before. The limited available spectrum and the inefficiency in the spectrum usage necessitate a new communication paradigm to exploit the idle wireless spectrum opportunistically. Dynamic spectrum access is proposed to solve these current spectrum inefficiency problems [1] . The key enabling technology of dynamic spectrum access networks is the Cognitive Radio (CR) [2] and [3] . Cognitive radio techniques provide the capability to use or share the spectrum in an opportunistic manner. The temporary use of idle licensed frequency bands by cognitive users provides an efficient exploitation of limited spectrum bands.
High data rate transmission techniques in communication systems are demanded by many applications due to the precious transmission time. Traditionally, more bandwidth is required for higher data rate transmission. However, because of spectral limitations, it is often impractical to increase bandwidth. In this case, using multiple transmit antennas for spectrally efficient transmission is an alternative solution [4] , and multiple transmit antennas can be used to obtain transmit diversity [5] [6] . Therefore, in this paper, the OFDM signal for multiple transmit antennas is considered for wideband transmission. OFDM, which has been known to be one of the most effective multi-carrier techniques for broadband wireless communications since its transmitter diversity can combate multi-path fading and avoid Inter-symbol Interference (ISI) [7] [8]. Multiantenna OFDM systems with transmitter diversity using space-time coding, two or more different signals transmitted from different antennas simultaneously, has attracted significant attention in the development of CR technology [4] .
At present, there have been some sensing algorithms including Matched Filtering Detection (MFD) [9] , cyclostationary detection [10] [11], and wavelet detection [12] . These algorithms need to know signal information of the primary user, but this information is generally difficult to obtain at the sensing user receiver. Therefore, the Energy Detection (ED) [13] is known to be the optimal algorithm for spectrum sensing if the noise power is known and it is robust to unknown dispersive channel. Since the level of noise power changes with time, it is very difficult to obtain accurate noise power (noise power uncertainty). Hence the energy detection is vulnerable to the noise power uncertainty. Moreover, the energy detection is perfect for independent and identically distributed (i.i.d.) signals, and its performance is degraded if the received primary signals are correlated [14] . Therefore, a suitable detection algorithm is expected to extract and use some particular features of the received primary signals. A number of spectrum sensing algorithms for OFDM systems have been proposed. In [15] and [16] , the frequency domain spectrum sensing based on sub-carrier detection can be performed. In [17] , a method to match the received OFDM signals with a self-defined pilot tone filter has been proposed. Although the algorithm shows good performance especially in low SNR scenario, the signal correlation induced by multi-path propagation is not considered in this algorithm.
Considering the above analysis, in this paper, inspired by a new spectrum sensing method based on the Maximum-minimum Eigenvalue Detection (MMED) in [18] , which uses the ratio of maximum-minimum eigenvalue to detect signal existence, an improved spectrum sensing algorithm based on the Cyclic-prefix Correlation Coefficient (CPCC) MMED for the multi-antenna OFDM signal is proposed. This algorithm utilizes the nonzero correlation property of the cyclic prefix and obtained eigenvalue of the covariance of the received signal matrix. Based on the random matrix theory, we quantize the ratio of the maximum-minimum eigenvalue and get a detection threshold and the detection probability. Simulations show that the algorithm overcomes the MMED and ED algorithm for multi-antenna OFDM signal in the low SNR scenario.
System Model
In this section, we will investigate the structure of a multi-antenna OFDM system in which an information symbol is simultaneously transmitted as an OFDM signal on each antenna.
, respectively, through two space-time encoders. The OFDM signal for the kth transmit antenna is modulated by D k [n, l] at the lth tone of the nth OFDM block. Let
, be the complex symbols to be transmitted in nth OFDM block, then, the base-band OFDM signal for the kth transmit antenna is modulated at the lth tone of the nth OFDM block can be expressed as
For a large number of sub-carriers L, s k (n, l) can be approximately modeled as a zero-mean circularly symmetric complex Gaussian random variable of variance σ
We represent the length L + L p vector of the nth transmitted OFDM block for the kth transmit antenna as
where L p denotes the number of samples in the guard interval, i.e., the length of the CP, and the received signal at the Secondary User (SU) is the superposition of N T transmitted signals, which can be expressed as
where
] denotes the additive complex Gaussian noise assumed to be zero-mean with variance σ 2 w . H k (n) denotes the channel frequency response at time n corresponding to kth transmit antenna and the secondary user.
The primary user signal for the kth transmit antenna is received through a wireless multi-path fading channel whose discrete-time base-band model is represented by channel filter taps h
where L c denotes the number of multi-path components. It is also assumed that the fading process remains static during the interval of spectrum sensing. This implies that the channel filter taps can be treated as unknown constants during the period of spectrum sensing.
Toeplitz matrix constructed from the channel filter taps as
The relationship of the multi-antenna OFDM transmitter s n and the secondary user receiver r n can be expressed in matrix form as follows
, and w n = w (n).
Note that the last L p samples of r n is the ISI part. Since r k (n, l) are the linear combination of zero-mean complex Gaussian random variables, they are also zero-mean complex Gaussian random variables. Based on (3), the variance of r n is σ 
Eigenvalue Detection
The statistical covariance matrix of the received signal at the secondary user can be expressed as follows
when the primary user is inactive, the covariance matrix is given by R r = σ 2 w I L+Lp . When the primary user is active, the covariance matrix can be represented as 
It is obvious that the ratio of the largest to the smallest eigenvalue of the covariance matrix R r can be used to detect the presence of signal, i.e.
when there is no signal, the covariance matrix R r is the complex central Wishart distribution and it is distributed as R r ∼ CW (1, Σ) with 2 degrees of freedom and covariance matrix Σ = σ 2 w I L+Lp [19] . The covariance matrix are normalized, let A (R r ) = 1 σ 2 w R r , then the center and scaling constants of the eigenvalues can be expressed as
From the results of the theorems in [18] [20], the maximum and minimum eigenvalues of R r are approximated as
The largest eigenvalue of certain random matrices is distributed as Tracy-Widom distributions [21] . Let F 2 be the Cumulative Distribution Function (CDF) of the Tracy-Widom distribution of order 2. When the primary user is inactive, the false alarm probability is
where ϖ is the threshold, from (11), the sensing threshold in terms of desired probability of false alarm can be calculated as follows
If the primary user presents, the center and scaling constants of the eigenvalues are
The maximum and minimum eigenvalues of R r are approximated as
, then the detection probability can be expressed as
Eigenvalue Detection Based on Cyclic Prefix Correlation Coefficient
T as the vector containing 2L p samples, i.e. L p samples in the first part and L p samples in the last part, of the nth multiantenna OFDM block. The corresponding transmitted signal and noise vectors can be expressed
The covariance matrixR r can be expressed as
In the absence of the multi-path propagation effect (L c = 1), the covariance matrixR r has the following simpler form
is the correlation coefficient of the received signal [14] . When the primary user is active,
otherwise, ρ = 0. Then the test statistic of the eigenvalue detection based on cyclic prefix correlation can be expressed asT
where thresholdπ can be derived based on the desired false alarm probability.
Simulations
To demonstrate the performance of the spectrum sensing in the multi-antenna OFDM systems for cognitive radio network, computer simulations have been conducted to evaluate the detection probability for different situations of interest. In the simulation environment, the entire channel is divided into 128 subcarriers, a cyclic prefix length is 8, the number of channel taps is L c = 8, and finally the number of samples is 500.
The performance of different spectrum sensing algorithms is evaluated and compared in Fig. 1 . This figure shows the detection probabilities versus Signal-to-noise Ratio (SNR) for the Energy Detector (ED), Maximum-minimum Eigenvalue Detector (MMED) and Cyclic Prefix Correlation Coefficient (CPCC)-based MMED, respectively. For this figure, the probability of false alarm P f a = 0.01, ED algorithm requires a precise knowledge of the noise power. Unfortunately, in practice, the noise power uncertainty always presents [1] , [2] , and small noise uncertainty, for instance, 0.5 and 1 dB, causes huge performance degradation. In contrast, the two other algorithms have better detection performance compared with ED, and the proposed CPCC-MMED algorithm clearly outperforms the MMED algorithm at lower SNR. Fig. 2 shows the detection probabilities versus number of samples for ED, MMED and CPCC-MMED. In this figure, we choose L p = L c = 8, SNR = −15dB and P f a = 0.01, and we can see that the performance of CPCC-MMED algorithm changes very little for different number of samples. In contrast, the performance of ED algorithm improves only with the increasing sample numbers, and both MMED and CPCC-MMED algorithms outperform ED algorithm. Fig. 3 illustrates Receiver Operating Characteristic (ROC) curves of ED, MMED and CPCC-MMED algorithms with SNR = −15 dB and 1000 samples respectively. Similar to the above results, CPCC-MMED algorithm performs better than other spectrum sensing algorithms and P d is near to 1 and almost keeps constant. Fig. 4 and Fig. 5 compare the performance of MMED and CPCC-MMED algorithms with different number of transmit antennas, respectively. With the increasing of transmit antennas, the performance is improved when a target probability of false alarm is given. In particular, the number of transmit antenna of the primary user increases from one to four, the detection probability improves nearly 5 percent. 
Conclusions
In this paper, an improved spectrum sensing method CPCC-MMED for multi-antenna OFDMbased cognitive radio system is proposed. Compared with ED and MMED algorithms, this algorithm is well suited for the multiple transmit antenna OFDM signal detection or spectrum sensing and performs better in detection probability. Computer simulations have shown that the algorithm outcomes ED and MMED-based algorithms in the low SNR scenario.
